Temperature is a strong selective force on the evolution of proteins due to its effects on higher orders of protein structure and, thereby, on critical protein functions like ligand binding and catalysis. Comparisons among orthologous proteins from differently thermally adapted species show consistent patterns of adaptive variation in function, but few studies have examined functional adaptation among multiple structural families of proteins. Thus, with our present state of knowledge, it is difficult to predict what fraction of the proteome will exhibit adaptive variation in the face of temperature increases of a few to several degrees Celsius, that is, temperature increases of the magnitude predicted by models of global warming. Here, we compared orthologous enzymes of the warm-adapted Mediterranean mussel Mytilus galloprovincialis and the cold-adapted Mytilus trossulus, a native of the North Pacific Ocean, species whose physiologies exhibit significantly different responses to temperature. We measured the effects of temperature on the kinetics (Michaelis-Menten constant-K m ) of five enzymes that are important for ATP generation and that represent distinct protein structural families. Among phosphoglucomutase (PGM), phosphoglucose isomerase (PGI), pyruvate kinase (PK), phosphoenolpyruvate carboxykinase (GTP) (PEPCK), and isocitrate dehydrogenase (NADP) (IDH), only IDH orthologs showed significantly different thermal responses of K m between the two species. The K m of isocitrate of M. galloprovincialis-IDH was intrinsically lower and more thermally stable than that of M. trossulus-IDH and thus had higher substrate affinity at high temperatures. Two amino acid substitutions account for the functional differences between IDH orthologs, one of which allows for more hydrogen bonds to form near the mobile region of the active site in M. galloprovincialis-IDH. Taken together, our findings cast light on the targets of adaptive evolution in the context of climate change; only a minority of proteins might adapt to small changes in temperature, and these adaptations may involve only small changes in sequence.
Introduction
Temperature affects stabilities of protein 3D structures (Somero 1995; Fields 2001) , causing protein functions like ligand recognition and binding to be thermally sensitive. Therefore, natural selection should favor amino acid sequences that optimize protein function in a particular thermal environment, for example, by conserving ligand-binding abilities within narrow ranges (Jaenicke 1991; Fields 2001; Berezovsky and Shakhnovich 2005) . Accordingly, temperature adaptation at the protein level has been documented across a diversity of ectothermic taxa inhabiting a wide range of thermal habitats (Watt 1977; Place and Powers 1979; Fields and Somero 1998; Fields et al. 2002; Watt et al. 2003; Bae and Phillips 2004; Johns and Somero 2004; Somero 2004; Fields et al. 2006; Siddiqui and Cavicchioli 2006; Dong and Somero 2009) . Although many species have been studied, the variety of different classes of enzymes examined in such studies remains limited. Many previous studies have found evidence for temperature adaptation of functional properties, such as the Michaelis-Menten constant (K m ), in dehydrogenase enzymes-proteins chosen for study because they are widely occurring among species, abundant in the cell and relatively straightforward to purify and assay (Place and Powers 1979; Graves and Somero 1982; Fields and Somero 1998; Fields et al. 2006; Dong and Somero 2009 ). These enzymes have shared features of their 3D structures, namely the NAD(P)-binding Rossmann fold and large changes in conformation during ligand binding. However, a central question remains unanswered: to what extent does the thermal environment affect the evolution of other structural classes of enzymes?
The blue mussel species complex is a powerful model system for elucidating mechanisms of temperature adaptation (Braby and Somero 2006; Lockwood et al. 2010; Tomanek and Zuzow 2010; Lockwood and Somero 2011) due to its well-characterized thermal evolutionary history (Thunell 1979; Mann and Hamilton 1995) and recent divergence (ca. 3.5 Ma) of the three congeners, Mytilus trossulus, Mytilus edulis, and Mytilus galloprovincialis (Vermeij 1991; Seed 1992) . In particular, M. galloprovincialis, a native of the Mediterranean Sea, has a warm-adapted physiology, in terms of cardiac performance, metabolic rates, enzymatic activity levels, and environmental stress tolerance, compared with the more cold-adapted M. trossulus, a native of the North Pacific Ocean (Lockwood and Somero 2011) . At the protein level, the cytosolic paralog of malate dehydrogenase (cMDH) of M. galloprovincialis has more thermally stable structural and functional properties than the M. trossulus ortholog (Fields et al. 2006) , consistent with the adaptive pattern observed in Rossmann-fold dehydrogenases (Fields and Somero 1998; Johns and Somero 2004; Dong and Somero 2009 ). To date, however, cMDH is the only enzyme for which there has been a comparative biochemical analysis in these mussels.
Here, we sought to determine the extent to which differential temperature adaptation in M. galloprovincialis and M. trossulus has influenced the evolution of functional properties of five enzymes that catalyze steps that are adjacent to cMDH in ATP-generating metabolic pathways, that is, glycolysis and the TCA cycle. We compared the effects of temperature on the kinetic properties (K m ) of orthologs of phosphoglucomutase (PGM; EC: 5.4.2.2), phosphoglucose isomerase (PGI; EC: 5.3.1.9), pyruvate kinase (PK; EC: 2.7.1.40), phosphoenolpyruvate carboxykinase (GTP) (PEPCK; EC: 4.1.1.32), and isocitrate dehydrogenase (NADP) (IDH; EC: 1.1.1.42). We chose enzymes that are structurally diverse (table 1) (Ward 1977) and for that reason may differ in their sensitivities to temperature. These enzymes belong to five different structural families of proteins have distinct types of 3D folds and span a range of common quaternary structures (table 1) . In addition, these enzymes are experimentally tractable: 1) they are soluble and straightforward to assay, 2) their biochemistries are well characterized, and 3) they each have solved crystal structures to allow for the interpretation of functional divergence in the context of structure-function relationships.
We report that PGM, PGI, PK, and PEPCK had remarkably similar kinetic properties and thermal sensitivities between orthologs of M. galloprovincialis and M. trossulus, despite the different thermal optima and tolerance limits of the species. Conversely, IDH orthologs showed strikingly different kinetics between the species, likely due to the only two amino acid substitutions found between orthologs. These results demonstrate that not all proteins undergo functional temperature adaptation in response to the magnitude of temperature difference that characterizes the evolutionary histories of M. trossulus and M. galloprovincialis. Thus, the targets of thermal selection at the protein level may be limited and depend on the thermal sensitivities of different protein structural classes. We discuss how structural motifs, notably structural elements found in regions of the protein that influence conformational changes associated with ligand binding and catalysis, influence temperature adaptation.
Materials and Methods

Sample Collection
We collected mussels from a single population of each species, M. galloprovincialis from Santa Barbara, CA (34°24#15$N, 119°41#30$W) and M. trossulus from Newport, OR (44°38#25$N, 124°03#10$W). Thus, the focus of our study was to discover differences between species rather than to describe within species variation as might occur over latitudinal gradients (Logan et al. 2012) . Mytilus galloprovincialis is an alien species in California, having been introduced from the Mediterranean Sea in the early 20th century (Geller 1999) . We chose the sampling locations to be well outside of the hybridization zone of these two species that exists in central and northern California (Rawson et al. 1999; Hilbish et al. 2010) . Hereby, we sought to include in our study only individuals from separate species that are known to have divergent genetic backgrounds (Seed 1992; Rawson et al. 1999; Brannock et al. 2009 ). Collections at each sampling location were conducted in June 2007, December 2007, and June 2010. Mussels were transported back to Hopkins Marine Station where they were kept frozen at À70°C.
Enzyme Preparation
For each species, we conducted partial purification of the target enzymes in order to obtain preparations that functioned well in the spectrophotometric assay and were stable for periods of weeks. Full purification was deemed unnecessary because the kinetic properties we examined tend not to be dependent on the extent of enzyme purification (see Fields et al. 2006) . We isolated protein from a single tissue type, posterior adductor muscle, in order to avoid the potential presence of multiple isoforms of each enzyme across different tissue types. PGM and PGI are encoded by genes at single loci (Hall 1985; Pogson 1989) , and while PK, PEPCK, and IDH have two isoforms, bivalves have been shown to exclusively express single isoforms in muscle tissue Hochachka 1971, 1973; Head and Gabbott 1980) . Muscle was dissected from approximately 50 individuals of each species, pooled, and homogenized in four volumes of ice-cold homogenization buffer (50 mM MBE potassium phosphate, pH 7.0 at 20°C, 2 mM ethylenediaminetetraacetic acid [EDTA] , and 1 mM dithiothreitol) with an Ultra-Turrax T25 homogenizer (IKA Works, Staufen, Germany) for three 10 s bursts at 20,500 Hz; the sample was kept on ice for 1 min between each burst. The homogenate was centrifuged at 20,000 Â g for 30 min at 4°C. The supernatant was brought to 30% saturation with ammonium sulfate and stirred on ice for 30 min. The sample was then centrifuged at 20,000 Â g for 30 min at 4°C, the pellet discarded, and the supernatant brought to 80% saturation with ammonium sulfate. After stirring on ice for 30 min, the sample was again centrifuged at 20,000 Â g for 30 min at 4°C, the supernatant discarded, and the pellet resuspended in a minimal volume of homogenization buffer. The sample was again brought to 80% saturation with ammonium sulfate and stored at 4°C for up to 6 weeks. This procedure increased the purity and stability of the preparations and preserved greater than 90% of the activity for each of the five enzymes.
Measurement of K m
We measured the apparent Michaelis-Menten constant (K m ) of the substrates indicated below for each enzyme. We chose to focus our study on comparing K m values between orthologs for two reasons. First, K m is a measure of substrate affinity and therefore a clear indicator of enzyme function (Hochachka and Somero 2002) . Second, K m is highly sensitive to temperature and orthologous enzymes often differ adaptively in stability of K m values across different ranges of temperature (Fields 2001; Feller 2008) ; at normal body temperatures, K m is strongly conserved among species despite its sensitivity to acute changes in temperature (Fields and Somero 1998; Fields et al. 2006 ). Importantly, temperature-adaptive differences in K m among orthologs are typically most pronounced at higher assay temperatures (Hochachka and Somero 2002) . For this reason, that is, to maximize the likelihood of discerning differences between orthologs, we initially surveyed K m at 40°C; this is a temperature that is acutely lethal for M. trossulus but only slightly beyond the thermal limits of M. galloprovincialis (Lockwood and Somero 2011) . While 40°C is a temperature that neither species survives, none of the enzymes studied was denatured at 40°C during the course of the kinetic measurements, as indicated by stability of rates during the assay. For PK, PEPCK, and IDH, we also measured K m across a range of temperatures (10, 20, 30, and 40°C) that span most of the thermal ranges of Mytilus habitats in the North Pacific and the Mediterranean. The temperature was controlled to within ±0.1°C. All enzymes were analyzed on a Shimadzu 1601 spectrophotometer (Tokyo, Japan) by following changes in NADH or NADP absorbance at 340 nm. We used imidazole buffer for the assays in order to preserve the pH-temperature relationship of the cellular environment (Yancey and Somero 1978) . Mytilus enzyme preparations and coupling enzymes were desalted with Zeba Spin columns (Thermo Scientific, Rockford, IL) immediately prior to K m measurement. K m was calculated from the initial reaction rates at seven substrate concentrations by a nonlinear least squares regression fit to the Michaelis-Menten equation using GraphPad Prism version 5.0d for Macintosh (GraphPad Software, San Diego, CA).
Phosphoglucomutase (PGM; EC: 5.4.2.2)
For PGM, we measured the K m of glucose 1-phosphate (G1P). The assay conditions were based on Pogson (1989) , with the following modifications: 50 mM imidazole-HCl (pH 7.0 at 20°C), 1 mM NADP, 0.004 mM glucose-1,6-diphosphate, 2 mM MgCl 2 , 1 mM EDTA, 5 U/ml glucose-6-phosphate dehydrogenase (G6PDH), and 10-500 lM G1P. The enzyme was incubated in the cuvette with all components of the assay except G1P for 10 min, and the reaction was started by the addition of G1P.
Phosphoglucose Isomerase (PGI; EC: 5.3.1.9) For PGI, we measured the K m of fructose 6-phosphate (F6P). The assay conditions were based on Hall (1985) , with the following modifications: 50 mM imidazole-HCl (pH 7.0 at 20°C), 1 mM NADP, 8 mM MgCl 2 , 5 U/ml G6PDH, and 25-500 lM F6P. The reaction was started by the addition of enzyme.
Pyruvate Kinase (PK; EC: 2.7.1.40) For PK, we measured the K m of phosphoenolpyruvate (PEP). The assay conditions were based on Anestis et al. (2007) , with the following modifications: 50 mM imidazole-HCl (pH 7.5 at 20°C), 120 mM KCl, 10 mM MgCl 2 , 4 mM ADP, 0.2 mM fructose 1,6-bisphosphate, 0.3 mM NADH, 10 U/ml lactate dehydrogenase, and 5-200 lM PEP. The reaction was started by the addition of enzyme.
Phosphoenolpyruvate Carboxykinase (GTP) (PEPCK; EC: 4.1.1.32) For PEPCK, we measured the K m of PEP. The assay conditions were based on Harlocker et al. (1991) , with the following modifications: 63 mM imidazole-HCl (pH 6.3 at 20°C), 1 mM MnCl 2 , 1 mM MgCl 2 , 20 mM NaHCO 3 , 1.5 mM IDP, 0.15 mM NADH, 5 U/ml malate dehydrogenase, and 50-1500 lM PEP. All solutions were degassed prior to assembling the assay cocktail. The enzyme was added to the cuvette with all components of the assay except for NaHCO 3 and the background reaction rate measured before starting the reaction by the addition of NaHCO 3 . The initial reaction rate was calculated by subtracting the background rate.
Isocitrate Dehydrogenase (NADP) (IDH; EC: 1.1.1.42) For IDH, we measured the K m of DL-isocitrate. The assay conditions were based on Head and Gabbott (1980) , with the following modifications: 100 mM imidazole-HCl (pH 8.2 at 20°C), 0.15 mM NADP, 4 mM MgCl 2 , and 1-100 lM DLisocitrate. The reaction was started by the addition of enzyme.
Sequencing of Idh
To obtain sequences of the 5# and 3# ends of the Idh cDNAs of each species, we designed primers to a M. galloprovincialis Idh EST sequence (Venier et al. 2009 ) and We then used the sequences of the 5# and 3# Idh RACE products to design primers (Idh full-length forward primer: CAGCAAGTGCGTGAAAAATG; Idh full-length reverse primer: TTGCTGCCCCTTATTCAGAC) to amplify and sequence the full-length Idh-coding region from cDNAs of both species. Total RNA was extracted from the gill tissue of three M. galloprovincialis and five M. trossulus individuals, as described above, and reverse transcribed into cDNA with the AffinityScript One-Step RT-PCR kit (Agilent Technologies, Inc., Santa Clara, CA). To amplify Idh, the PCR conditions were 94°C for 2 min followed by 35 cycles of 94°C for 30 s, 55°C for 45 s, and 68°C for 2 min, with a final extension of 68°C for 10 min. PCR products were purified with the Qiaquick PCR purification kit (Qiagen), cloned into the pCR4-TOPO vector (Invitrogen), transformed into TOP10 chemically competent cells (Invitrogen), and grown on lysogeny broth agar plates containing 100 lg ml À1 ampicillin. Positive transformants were analyzed via PCR (T7 forward primer, M13 reverse primer; 94°C for 3 min, 35 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 2 min, final extension of 68°C for 10 min), cleaned with ExoSAP-IT (Affymetrix, Santa Clara, CA), and sent for sequencing (Sequetech). The complete cDNA sequences and translated products were submitted to GenBank (accession numbers: JQ429379-JQ429390). The molecular weights and isoelectric points of the protein products were predicted based on the translated sequences using the ExPASy server (Gasteiger et al. 2005) .
There are two isoforms of IDH, which differ in size and isoelectric point (Henderson 1965) ; however, previous work suggests that only one isoform is expressed in Mytilus adductor muscle (Head 1980) . We analyzed the IDH activity of each species on native polyacrylamide gels (PAGE) and isoelectric focusing gels (IEF) in order to 1) verify the presence of a single IDH isoform in both muscle and gill tissues and 2) confirm that the cDNA sequences matched the protein for which we measured K m . Posterior adductor muscle and gill tissues from a single individual of each species were dissected and homogenized as described above (see Enzyme Preparation). Native PAGE was run on 12% Tris-HCl Ready Gel precast polyacrylamide gels (Bio-Rad, Hercules, CA), with Tris/ glycine running buffer (25 mM Tris and 192 mM glycine) and 2X native sample buffer (62.5 mM Tris-HCl, pH 8.0, 25% glycerol, and 0.01% bromophenol blue) at 100 V for 45 min. IEF was run on Read Gel IEF precast polyacrylamide gels pH 3-10 (Bio-Rad), with 7 mM phosphoric acid (anode buffer), 20 mM lysine and 20 mM arginine (cathode buffer), and 2X IEF sample buffer (50% glycerol), at 100 V for 60 min and 250 V for 120 min. Molecular weight or isoelectric point standards (Bio-Rad) were loaded in wells adjacent to samples, and both native PAGE and IEF gels were run on the Mini-PROTEAN system (Bio-Rad). Subsequent to electrophoresis, gels were incubated in 0.2 M Tris-HCl (pH 8.0), 0.25 mM NADP, 0.1 mM nitroblue tetrazolium, 0.3 mM phenazine methosulfate, 6 mM DL-isocitrate, and 6 mM MgCl 2 for 4 h at 37°C to stain for IDH activity (Henderson 1965) . Gels were then stained in 0.1% coomassie blue, 25% ethanol, and 8% acetic acid for 30 min and destained in 12% ethanol and 7% acetic acid to label molecular weight and isoelectric point standards.
IDH Molecular Modeling
Protein structure templates were queried with the M. trossulus and M. galloprovincialis Idh translated cDNA sequences using the 3D-Jury server (Ginalski et al. 2003) . Homology-based modeling was performed with SwissModel software (Arnold et al. 2006) , and protein models were visualized with DeepView software (Kiefer et al. 2009 ).
Statistics
Each K m determination was run in triplicate, and data are presented as means ± standard error of the mean. To determine if there were significant differences in K m between orthologous enzymes at 40°C, we compared the means using a Student's t-test. To compare the PK, PEPCK, and IDH orthologs, which were assayed across a range of temperatures, the K m data were linearized with the natural logarithm and slopes and intercepts compared using an analysis of covariance (ANCOVA; GraphPad Prism). This analytical procedure supports a rigorous comparative analysis of temperature dependence of K m in different orthologs (Dong and Somero 2009 ).
Results
K m versus Temperature
When assayed at 40°C, PGM, PGI, PK, and PEPCK exhibited K m values that were indistinguishable between orthologous enzymes of M. galloprovincialis and M. trossulus ( fig. 1A-D) . Only IDH showed a significant difference between the species (Student's t-test, P 5 0.008), with the ortholog of M. galloprovincialis having a 39% lower K m (i.e., higher binding affinity) than the ortholog of M. trossulus ( fig. 1E ). PGM and PK orthologs had K m values, of G1P and PEP, respectively, that were relatively low and within the range of physiological concentrations of these substrates ( fig. 1A and C) (Ebberink and de Zwaan 1980) , indicating that substrate binding in these enzymes is relatively stable at 40°C.
Because M. galloprovincialis and M. trossulus-IDH orthologs had different K m values at 40°C ( fig. 1E ), we further compared IDH K m at 30, 20, and 10°C ( fig. 2C) . At lower temperatures, the K m values were lower, and the absolute Lockwood and Somero · doi:10.1093/molbev/mss111 MBE differences between the K m of each species were smaller ( fig. 2C ). However, regardless of the assay temperature, M. galloprovincialis-IDH had a significantly lower K m than M. trossulus-IDH ( fig. 2C ; ANCOVA, P , 0.0001). In contrast, neither PK nor PEPCK showed a species-specific temperature versus K m relationship ( fig. 2A and B) .
IDH Sequence and Structure
The coding regions of M. trossulus and M. galloprovincialis Idh cDNAs were 1,344 bp long, encoding proteins of 448 amino acids in length ( fig. 3) . IDH activity was present as a single band on both native PAGE and IEF gels and showed identical migration patterns among species and tissue types (data not shown), indicating that all IDH activity came from a single isoform. The molecular weights (Mw) and isoelectric points (pI) of the native enzymes matched the predicted values from the translated sequences: Mw 5 50.5 kDa per monomer and pI 5 6.8 for both orthologs.
There were ten synonymous and two nonsynonymous fixed differences between the orthologs of the two species, which resulted in amino acid substitutions at residues 205 and 208 ( fig. 3) (Ceccarelli et al. 2002) .
Strikingly, the Asp/Glu-205 to His substitution in M. galloprovincialis-IDH was predicted to allow the formation of two hydrogen bonds that were not present in M. trossulus-IDH ( fig. 4B and C) . These two additional hydrogen bonds linked the side chain of His-205 to the side chains of fig. 4C ). As shown in figure 4C , Lys-189 and Glu-191 are adjacent to a region of the enzyme that undergoes substantial movement due to conformational changes during catalysis (Stoddard and Koshland 1993) .
Discussion
Despite temperature adaptation being a driver of diversification among orthologous proteins (Fields 2001; Somero 2004) , among the five enzymes that we examined, four were remarkably similar between M. galloprovincialis and M. trossulus when compared at 40°C. This is a surprising result, given the striking differences between orthologs of cMDH (Fields et al. 2006) and IDH (figs. 1 and 2) in these species. Previous work has demonstrated functional temperature adaptation in two of these four enzymes in other systems (PGI in butterflies of the genus Colias [Watt 1977; Watt et al. 1996; Watt et al. 2003 ] and PK in fish [Low and Somero 1976] ). In Mytilus edulis on the east coast of the United States, electrophoretic alleles of PGI exhibit a latitudinal cline (Koehn et al. 1976) , suggesting that temperature may be driving local adaptation at this locus. However, these allelic variants of PGI show only subtle functional differences related to temperature (Hall 1985) . A similar story holds true for alleles of PGM in the sea anemone Metridium senile, which exhibit clinal variation on the northeastern coast of North America but show only subtle differentiation in K m that does not correlate with temperature (Hoffmann 1985) . These observations suggest that certain Temperature Adaptation in Enzymes of Mytilus · doi:10.1093/molbev/mss111 MBE enzyme loci may be tightly linked to other regions of the genome upon which natural selection is acting or that natural selection may act on something other than the K m of PGM and PGI (Pierce 1982) .
The difference in thermal sensitivity of K m between M. galloprovincialis and M. trossulus-IDH orthologs is consistent with the temperature adaptation seen in dehydrogenase enzymes in other species, including vertebrates and invertebrates (Fields 2001; Somero 2004) . As noted, this pattern has been observed for cMDH in congeners of Mytilus, including a third species, M. californianus (Fields et al. 2006) . Among cMDH orthologs, a single amino acid substitution makes the K m of the M. galloprovincialis ortholog lower than that of M. trossulus across a range of temperatures (Fields et al. 2006) . Similar observations of the differential effects of temperature on K m have been made among dehydrogenase orthologs of many other ectothermic species, including the cMDHs of limpets of the genus Lottia (Dong and Somero 2009 ) and abalone Haliotis (Dahlhoff and Somero 1993) and A 4 -lactate dehydrogenases (A 4 -LDHs) of many fishes and reptiles (Place and Powers 1979; Graves and Somero 1982; Somero 1995; Fields and Somero 1998; Johns and Somero 2004) .
Although M. galloprovincialis-IDH maintains a lower K m than the ortholog of the native M. trossulus, the two orthologs exhibit similar K m values when assayed at temperatures that reflect the conditions of their respective native habitats, suggesting that there is a conservation of IDH substrate-binding ability at physiologically relevant temperatures. Higher substrate-binding affinity in the ortholog of M. galloprovincialis would be advantageous at higher temperatures but detrimental to efficient enzyme product release at lower temperatures (Hochachka and Somero 2002) . Thus, it appears that the IDH ortholog of M. galloprovincialis is warm adapted, whereas the IDH ortholog of M. trossulus is cold adapted. Although these differences are consistent with the thermal evolutionary histories of these two species (Thunell 1979; Seed 1992; Mann and Hamilton 1995) , they also correspond to their present day distributions on the west coast of the North America (Rawson et al. 1999; Hilbish et al. 2010) , suggesting that adaptation to the thermal environment in the Mediterranean may influence where M. galloprovincialis exerts its dominance as an invasive species.
The following explanation may help to reconcile the discrepancy among the occurrences of temperature adaptation in the enzymes examined in this study. The differences between the native thermal habitats of M. galloprovincialis and M. trossulus, while distinct, are relatively small, on the order of a few degrees Celsius, when compared with other studies that have measured temperature adaptation in enzymes from species adapted to much wider ranges of temperature, for example, Antarctic fishes versus temperate fishes (Fields and Somero 1998) and psychrophilic versus thermophilic microbes (Bae and Phillips 2004; Siddiqui and Cavicchioli 2006) . The differences in temperature that characterize the evolutionary histories of the Mytilus congeners may be sufficient to favor selection for temperatureadaptive differences only in classes of proteins that are especially perturbed by change in temperature. Thus, we propose that some functional and structural families of proteins are more sensitive to thermal perturbation than others and that IDH and cMDH are more sensitive than PGM, PGI, PK, and PEPCK. This conjecture is supported to some degree by analysis of genomic data, which have shown that, even among species whose habitats differ as much as 100°C, the degree of divergence among orthologs varies across the proteome (Gu and Hilser 2009) .
A potentially general pattern in temperature adaptation of enzymes is that functional divergence among orthologs is dependent on the degree of conformational change that the enzyme undergoes during catalysis (Fields and Somero 1998; Bae and Phillips 2004) , with large movements seeming to require adaptation to maintain function at different temperatures. Both IDH and cMDH undergo substantial conformational shifts during catalysis, though the mobile domains are different in each enzyme (Stoddard and Koshland 1993) . Our data, in addition to those of Fields et al. (2006) , support the idea that regions of proteins that undergo large conformational changes may be foci of adaptive change across thermal environments. Specifically, warm-adapted orthologs tend to have amino acid Lockwood and Somero · doi:10.1093/molbev/mss111 MBE substitutions that stabilize mobile regions (Fields et al. 2006; Dong and Somero 2009) , as shown by the additional hydrogen bonding in M. galloprovincialis-IDH (fig. 4C ). The structure of IDH, characterized by an isocitrate/isopropylmalate dehydrogenase-like fold, is a structural family closely related to the NAD(P)-binding Rossmann-fold domain of cMDH and A 4 -LDH (Murzin et al. 1995; Fields and Somero 1998; Andreeva et al. 2004 Andreeva et al. , 2008 . This suggests that the similar trends in temperature adaptation for IDH and cMDH in Mytilus (Fields et al. 2006 ) and for A 4 -LDHs of differently adapted vertebrates (Fields and Somero 1998 ) are due to the shared aspects of their 3D structures. Thus, the structural motifs present in these enzymes that undergo large conformational changes during ligand binding may establish a high thermal sensitivity of function in these proteins.
A less likely explanation for the lack of functional divergence in Mytilus PGM, PGI, PK, and PEPCK is that natural selection may constrain the evolution of enzymes that function either upstream in biochemical pathways (i.e., PGM and PGI) (Rausher et al. 1999) or enzymes that catalyze rate-limiting steps (i.e., PK and PEPCK) (Hartl et al. 1985) . While PGM and PGI function upstream of glycolysis, they are downstream of gluconeogenesis; thus, it is unclear Temperature Adaptation in Enzymes of Mytilus · doi:10.1093/molbev/mss111 MBE whether natural selection would constrain PGM and PGI when they function in juxtaposed pathways. The evolutionary constraint hypothesis also does not hold for the rate-limiting enzymes that we examined, as IDH catalyzes the rate-limiting step in the TCA cycle, and it is the enzyme for which we observed the greatest divergence in K m between M. galloprovincialis and M. trossulus. Furthermore, PK orthologs of vertebrates from widely different thermal environments exhibit the type of K m patterns noted in studies of IDH, cMDH, and LDH (Somero and Hochachka 1968) . Therefore, selection that constrains the evolution of rate-limiting enzymes in other contexts might also cause adaptive change that preserves function in a different thermal environment.
Given that we compared K m responses with temperature between orthologs of only five enzymes, our data provide but a preliminary snapshot of the breadth of occurrence of temperature adaptation at the protein level. Comparative genomics studies give a more comprehensive view of the proteome (Gu and Hilser 2009; Oliver et al. 2010 ) but do not directly measure function as we have done here. This is an important distinction between approaches because while there have been important insights about temperature adaptation gained from in silico methods (Goldstein 2011) , these studies have been aimed at describing patterns of overall ''global'' protein stability rather than maintenance of normal protein function (Gu and Hilser 2009) . The distinction between global denaturation-wholesale loss of protein higher order structure-and subtle thermal disruption of protein structure that falls short of complete inactivation of the protein must be taken into account in all such analyses. Perturbations to protein stability that lead to denaturation occur at more extreme temperatures than thermally induced changes in functionally important properties like ligand binding, as indexed by K m (Fields and Somero 1998; Fields et al. 2006; Feller 2008) . Furthermore, adaptation of function through adjustments in local-scale stability of mobile regions can occur without a concomitant increase (or decrease) in global protein stability (Fields and Somero 1998; Arnold et al. 2001; Daniel et al. 2003 Daniel et al. , 2008 Bae and Phillips 2006) . It follows that amino acid substitutions that modify global stability may arise only when differences in thermal evolutionary history reach levels that are substantially larger than the temperature changes that are sufficient to select for temperature-adaptive variation in traits like K m . In silico studies have, to our knowledge, not attempted to differentiate between amino acid substitutions linked to changes in global stability versus those that ''fine-tune'' the stabilities of localized regions in a protein that govern binding events.
Future study should integrate in vitro and in silico approaches as complementary methods. Through an in vitro comparison of enzyme function, we have demonstrated a degree of functional adaptation to temperature in Mytilus that provides a predictive framework for protein evolution in ectotherms in the context of climate change (Somero 2010) . As sequence data in Mytilus become more widely available, it will be possible to assess the degree of divergence among a broader array of proteins and thereby generate hypotheses about the targets of thermal selection that can be tested by in vitro functional assays. Such an approach would elucidate the structural characteristics, for example, occurrence of different structural motifs and extents of conformational changes during function that distinguish proteins with thermal sensitivities that are predisposed to temperature adaptation.
